Abstract
Introduction
Usually industrial robots show satisfactory repeatability but poor accuracy before calibration. High accuracy in industrial robots is an essential requirement in many advanced applications, which can be improved to be close to their repeatability by a successful calibration procedure.
In general, methods for robot calibration can be classified into two categories: model-based robotic calibration and modeless robotic calibration. Basically, a model-based method includes four steps: setting up a kinematic model for the robot, measuring positions and orientations of the robot's end-effector, identifying the robot's parameters and compensating joint angle errors of the robot [1] . Wisama Khalil etc. [2] propose a general methodology to calibrate the geometric and flexibility parameters of robots with flexible joints and links. A major advantage of using a model-based method is that it is possible to calibrate accurately a large workspace and compensate pose errors. Its shortcoming, however, is that it is difficult to completely model all these factors and identify those inaccurate parameters.
In comparison, a modeless method only requires that the robot workspace be divided into a sequence of small cubic cells. Position errors on the grid points around each cell need to be measured by moving the robot through these grid points, and error compensations can be realized by using interpolation technologies. Gürsel Alici etc. [3] employed laser interferometry for positioning error measurement and interpolated the position errors with polynomials, thus less experimental data were needed. Ying Bai [4] proposed a novel dynamic on-line fuzzy error interpolation technique for modeless robot calibration. Experimental results show when the cubic cells are sufficiently small, the calibration accuracy of using a modeless method can be better than that of using a model-based method.
In this research, we deal with the calibration of a large five-axis robot for large parts polishing and grinding.
Attached with a structured-light measurement device, the robot works also as a measurement device, which increases the requirement for high accuracy. The robot has a large workspace of 1400mm×1800mm×4000mm, see Fig.1 . It has three translational axes X, Y, Z, and two rotational axes A and C. The required absolute positioning accuracy of the grinding robot is ±0.1mm, and the required accuracy is roughly 1/10 5 of the nominal dimension of its workspace, which is a greater relative accuracy for most common manipulators. Experimental results show that if without calibration, the end-effector errors are up to 2.5mm.
The contribution of this paper is that a hybrid calibration method is proposed for a five-axis robot calibration, which adopts a "divide and conquer" strategy, first a modeless robotic calibration method is adopted for the three translational axes calibration and then for the rotational axes, a model-based robotic calibration method is implemented. With both the geometric and non-geometric parameters into consideration, a large five-axis robot is calibrated. In this research, we employ API three-dimension Laser Tracker II as our measurement tool. The API Laser Tracker II has a static accuracy of 5 ppm, i. e. 5 micrometers per meter and the dynamic accuracy of 10 ppm, which is enough for our measurement requirement. The measurement accuracy can be affected by light intensity, so during the measurement process we should make sure the intensity is more than 85%.
Coordinate frame alignment
To use the measurement result of laser tracker for robot calibration, the laser tracker frame should be registered with the robot base frame. In this research, a special tool for bird holding is designed, see Fig.2 . Through calibration of the tool length, the tool frame can be extended to the center of the bird, thus if ignoring the tool length calibration error, the coordinate got from the robot controller is exactly the position of the bird center in the robot base frame. The data got from the laser tracker is the bird center coordinate in the laser tracker frame, thus the robot controller and the laser tracker get the coordinate of the same point.
With several corresponding points pair (at least six), the two coordinate frames can be registered together, but before calibration completed, due to the poor accuracy of the industrial robot, these point coordinates got from the robot controller are not accurate. In order to solve this problem, we propose a relative measurement strategy instead of registration:
Step1. Measure three lines by the laser tracker along the robot axis x, y and z respectively.
Step2. Choose two lines (usually we choose y, z, because x axis is a cantilever and the deflection cause the x direction movement not linear), and choose an arbitrary point as the origin to construct a coordinate frame in the laser tracker system, which is thus parallel to the robot base frame.
Since the two frames are parallel to each other, the only difference between those point coordinates is the origin, so vectors in the two frames are same. Thus our strategy is to measure the vectors, and use the vector errors for modeless and model-based calibration.
Translational joint error calibration

Error analysis
For the translational joint movement, there are mainly two kinds of error sources. One is geometric factors, mainly caused by machining, assembly and measurement, including origin position, length, and orthogonality between axes, which can be easily modeled. The other is non-geometric factors, mainly caused by deflections, thermal effects, wear, joint transducer errors and payload, which are difficult to be modeled.
Experiment show that in translational joint movement, errors caused by non-geometric factors cover the main part of the errors, but it is difficult to model these factors, so model-based calibration method is proper for it. Modeless calibration method does not need any error model, and only requires dividing the robot workspace into a sequence of small cubic cells. Because of the simplicity and effectiveness, modeless calibration method is adopted here for translational joint error calibration.
Three-step modeless calibration principle
Proposition: For a Cartesian robot, if its movements along all Z lines and one Y line are accurate, then its movements in the whole YOZ plane are accurate; if its movements in all planes parallel to Plane YOZ and along one X line are accurate, then its movements in the whole workspace are accurate (Here by accurate we mean the required accuracy is satisfied). Figure 3 . Illustration of the proposition Proof: See Fig. 3 , without loss of generality, suppose the Cartesian robot can move accurately along any z direction line in Plane U1D1D7U7, and it can also move accurately along D1D7; P1,P2 are arbitrary points in Plane U1D1D7U7.
See Fig. 3 , P4, P3 are respectively the footprint of P1, P2 on line D1D7, according to the assumption, the movements from P1 to P4, from P4 to P3 and from P3 to P2 are all accurate, thus the robot can move accurately from P1 to P2 along the path P1-P4-P3-P2. Because for Cartesian robot, the translational movement accuracy has no relation with the path, thus the movement from P1 to P2 is accurate.
Similarly, suppose the Cartesian robot can move accurately in any plane parallel to Plane U1D1D7U7, and move accurately alone one x direction line. The movement in the whole workspace can also be divided into one movement in a plane parallel to Plane U1D1D7U7 and one movement in the x direction line, and then according to the assumption, the robot can move accurately in the whole workspace.
Experiment and remarks
According to the modeless calibration principle above, we setup the following experiment:
Step1. Measure 9 lines along z direction (the 9 lines are evenly spaced in the workspace, 100mm each point along each line), get the error vectors and compensate it on these lines; between these lines, use corresponding interpolating value for compensation.
Step2. After Step1 finished, measure 3 line along y direction (evenly spaced along x direction, 100mm each point); compensate it on these lines; between these lines, use corresponding interpolating value for compensation.
Step3. When Step2 finished, measure 1 line along x direction (100mm each point); get the error vectors and compensate it. Fig.4 shows the experiment results, the left column is the measurement data before compensation along 3 arbitrary lines of x, y and z direction respectively, and the right column is the corresponding measurement data after compensation. From the experiment results, we have the following remarks:
(1) Before compensation, the translational movement errors in x direction are up to 2.5mm, it is mainly caused by the cantilever structure of axis x.
(2) After compensation, the translational movement errors are reduced to the scope of ±0.03mm, and the accuracy has been greatly improved.
(3) For other applications, if the compensation results can not satisfy the requirement, then more lines will be needed.
Rotational joints error calibration
Error analysis
Unlike the translational axes, the rotational movement part has a very impacted structure, so the non-geometric sources such as deflections do not cause much inaccuracy, while geometric sources such as inaccurate angle and length parameter are responsible for most of the errors. As to the parametric sources, model-based robotic calibration method has obvious advantages over modeless robotic calibration, so for the rotational axes, the former method is adopted.
But owe to the deflection of X axis, some of the geometric parameter, such as the orthogonality error of the rotational axes, will vary with the movement of Axis X. For this problem, again a modeless calibration should be employed.
Kinematic model
One of the key problems of model-based robotic calibration is the kinematic model development. Owe to the machining, assembly and measurement errors, especially of the deflection of Axis X, there are several inaccurate parameters, including unorthogonality between cross links and zero position error of the rotational axis. Taking all these parameters into consideration, the real forward kinematic model is developed as follows: 
Identification of the inaccurate parameter
The other key problem of model-based calibration is parameter identification. Above, the kinematic model with the inaccurate parameters is developed, and the left problem is to identify those parameters.
GA (Genetic Algorithm) is employed to identify those parameters. Our strategy is keeping the three translation axes unmoved, and then moving the other two rotational axes A and C arbitrarily, then a group of points Pi (i=1… n) are measured. The coordinates of these points in the laser tracker frame are donated as PLi (i=1… n), and in the robot controller frame are denoted as PRi (i=1…n). PLi and PRi are coordinates of the same point in different coordinate frames, but they are parallel, the only difference between them is that they have different origin, so the vector (Pi-Pj) should be same in both frames.
The error (PLi-PLj)-(PRi-PRj) reflects the robot position error, so these parameters can be obtained by optimising the following objective function:
For convenience, the minimization problem can be converted into a maximization problem, thus the objective function for GA is f(x) =1/J.
Experiment
Divide the space into 14 subspaces according to x with an interval of 100mm, and then employ the model-based calibration at the end of each subspace.
Keep the translational axes unmoved, move the rotational axes A and C to arbitrary position, 12 points are measured, their coordinates are obtained both in robot base frame and laser tracker frame. The vectors got from those points are used for experiments. Compensated with these optimized parameters, the corresponding rotational movement errors are shown Fig.5. Fig.6 shows the value of 1 x and 1 y along the variation of x.
From the experiment results, we have the following remarks:
(1) Before the model-based calibration, the errors caused by rotational movement are above ±0.5mm, while after calibration, the errors are reduced to ±0.05mm, so the accuracy is improved by about 10 times.
(2) 1 x and 1 y vary greatly with the movement of Axis x, and their variation does not follow the cantilever law strictly, which is caused by the slide clearance. 
Conclusion
In this work, we mainly dealt with the calibration of a large five-axis robot with translational axes and rotational axes. Through detailed analysis of and experiments on a real grinding robot, taking the geometric and non-geometric factors into consideration, also with the variation of the geometric parameters, a novel hybrid robotic calibration method is proposed.
For a five-axis robot with translational axes and rotational axes, the hybrid calibration method adopts "divide and conquer" strategy, dividing the whole calibration job into two parts-modeless calibration and model-based calibration, which greatly simplifies the calibration problem. Experimental results demonstrate satisfied effect.
With the employment of API laser tracker II, an effective relative measurement strategy is proposed, which uses the vector errors for calibration, and avoids the difficulty of registration of different coordinate frames.
